T he early Palaeogene is characterized by an extended period of high atmospheric carbon dioxide ( p CO 2 ) levels 1, 2 . Quantification of the temperatures during greenhouse climates is needed because (1) they can be used to evaluate climate model simulations at elevated p CO 2 (ref. 3 ), (2) temperature governs diverse components of climate dynamics (for example, circulation patterns) 4 and feedback mechanisms within the Earth system (for example, weathering) 5 and (3) they influence biogeochemical processes (for example, the flux of methane from wetlands into the atmosphere) 6 . Although potentially not continuously as hot as the relatively short-lived extreme greenhouse events such as the Palaeocene Eocene Thermal Maximum (PETM), the extended greenhouse climate state of the early Palaeogene is the focus here.
Over the past decade, considerable effort has been made to reconstruct the early Palaeogene greenhouse climate with a variety of calcite-based, leaf physiognomic and organic geochemical proxies. For example, sea surface temperatures (SSTs) have been reconstructed with the organic tetraether index of 86 carbon atoms (TEX 86 ) proxy 7 , based on the distribution of isoprenoidal glycerol dialkyl glycerol tetraethers (isoGDGTs), lipids synthesized by Archaea, in marine sediments. These records indicate SSTs significantly higher than modern ones, with SSTs from the southwestern Pacific at 60° S palaeolatitude above 30 °C (ref. 8 ). Similarly, calcitebased SST proxies, such as the Mg/Ca ratio or clumped isotopic composition of foraminiferal calcite, indicate significantly elevated SSTs at all latitudes during the early Palaeogene 9 . Together, the SST records indicate ocean temperatures significantly higher than modern ones with most estimates from between 60° S and 50° N above 22 °C (Fig. 1) . Some climate models, such as CCSM3 (Community Climate System Model version 3), can (partly) reproduce these elevated temperatures using 16 times (16× ) the modern-day p CO 2 levels 10 , but such p CO 2 values are higher than proxy estimates for the early Palaeogene 1, 2 . Other models, such as HadCM3L (Hadley Centre Coupled Model version 3) and ECHAM (European Centre Hamburg Model), generally cannot reproduce the warming at p CO 2 levels consistent with the marine proxy estimates 3 . The apparent high SST reconstructions have therefore been attributed to proxy complications, such as a subsurface origin of the lipids used in the TEX 86 proxy 11 , variations in early Palaeogene seawater chemistry compared to modern that especially influences the calcitebased palaeothermometers 12 and/or a seasonal (summer) bias in the marine proxies 13, 14 . However, recent model simulations have identified potential biases against polar warming in general circulation models that are tuned to modern conditions 15, 16 associated with the representation of cloud properties, which may partly explain the model-data discrepancy at mid/high latitudes.
The available terrestrial temperature proxies, based mainly on leaf physiognomic temperature estimates and the MBT(′ )/ CBT organic mineral soil temperature proxy, based in turn on the degree of methylation of branched tetraether (MBT) and cyclization of branched tetraethers (CBT) indices of bacterial branched glycerol dialkyl glycerol tetraethers (brGDGTs), suggest that early Palaeogene terrestrial temperatures in general were also higher than modern 10, 17, 18 , but to a lesser degree than indicated by SST reconstructions. There are very few terrestrial temperature data from the (sub)tropics, but almost all estimates indicate mean air temperatures below 22 °C during the early Palaeogene at all latitudes (Fig. 1a) . These terrestrial temperature estimates are more consistent with climate model simulations 10 , but considerably lower than SST estimates, which presents a conundrum. To understand this greenhouse climate state, independent early Palaeogene temperature estimates are needed to test whether temperatures on land were as high as suggested by marine proxies or as low as indicated by most climate 
GDGts in modern peat
A decade of research has demonstrated that in mineral soils the degree of methylation of bacterial brGDGTs, calculated using the degree of methylation of (5-methyl)-branched tetraether (MBT′ (5me) ) index, is correlated with the mean annual air temperature (MAAT) 19, 20 . Although temperature is highly correlated with the degree of methylation, the influence of other factors (for example, nutrient content, among others) is currently poorly constrained due to the lack of culture studies. The MBT(′ )/CBT mineral soil temperature proxy has been applied to marine sediments to reconstruct early Palaeogene terrestrial temperatures 21 . However, the application of the mineral soil calibration to other climatic archives (for example, peat and by extension lignite) can be problematic as these represent different environmental conditions to those that predominantly comprise the modern mineral soil calibration data set. To address this, a global peat-specific brGDGT temperature calibration that is based on MBT′ 5me in a diverse range (n = 470) of modern peats (MAAT peat ) was recently developed 22 . This proxy has a calibration error of ± 4.7 °C and reaches saturation at 29.1 °C. It is important that in peat settings, MAAT peat is unlikely to record seasonal temperatures, because in peats the brGDGT pool is dominated by bacterial production at a depth below the water table where seasonal temperature fluctuations are muted and converge to MAATs 22 . As with all palaeothermometers, we assume that the strong correlation between the degree of methylation of brGDGTs and temperature observed in the modern calibration data set 22 was the same during the early Palaeogene.
In addition to Bacteria (that can produce brGDGTs), Archaea also live in peat and their membrane lipids (isoGDGTs) are similarly preserved in ancient peat and lignite. Here we examined the isoGDGT distribution in our previously compiled global database of modern peat 22 . We report isoGDGT-5 (as well as isoGDGT-6 and 7) in modern mesophilic peats. So far, isoGDGTs with more than four cyclopentane rings have only been found in hot springs and cultures of (acido) hyperthermophiles 23 . It has been suggested that the ability to synthesize isoGDGT-5 to 8 is a unique adaptation of extremophiles and does not occur in mesophilic settings 23 . However, our work demonstrates that this biomarker is also present in ombrotrophic (acidic) tropical peats from 20° S-20° N latitudes today. isoGDGT-5 is only present in significant amounts (> 1% of total isoGDGT distribution with 1-5 cyclopentane rings) in tropical and ombrotrophic peats with a pH < 5.1 and MAAT > 19.5 °C (Fig. 2) . It is absent in all peatlands with a pH > 5.1 or MAAT < 12 °C and present only in trace proportions (< 1% of isoGDGTs) in acidic peatlands with MAAT between 12 °C and 19.5 °C. The highest proportion of isoGDGT-5 in the modern database is 9% in an ombrotrophic Indonesian peat (modern MAAT, 26.5 °C, pH 3). The distribution of these compounds in modern peats provides strong evidence that their occurrence (when greater than 1% of the total isoGDGTs with 1-5 cyclopentane rings) is diagnostic for peatlands with high temperatures (> 19.5 °C) and low pH (< 5.1). We suggest that the proportional abundance of isoGDGT-5 (as well as isoG-DGT-6) probably increases with temperature when pH is held constant, although we have insufficient data to convert that into an empirical calibration.
terrestrial temperatures from early Palaeogene lignites
Here we use the relative abundance of the archaeal lipid isoG-DGT-5 and degree of methylation of bacterial brGDGTs (MBT′ 5me ) obtained from lignites and newly calibrated proxies using modern peats to reconstruct the temperature in early Palaeogene peatlands (Supplementary Information gives details of the age models). Ancient peats can be preserved in the form of immature lignites, also known as brown coals, after compaction under low burial pressure and temperatures (< 100 °C). We use lignites from Germany (Schöningen), the UK (Cobham), New Zealand (Otaio) and several basins in western India (Barsingsar seam, Bikaner Basin; Kasnau Matasukh seam, Nagaur Basin; Matanomadh and Panandhro seams, Kachchh Basin, and Khadsaliya Clays, Saurashtra Basin). These lignites derive from peatlands influenced by marine incursions and hence reflect the local temperature very near sea level.
As far as is possible, given the difficulties of precise dating in purely continental strata, samples deposited within hyperthermals were avoided (Supplementary Information), such that these samples are expected to represent minimum temperature estimates of the early Palaeogene warmth. However, dating terrestrial sections is difficult and the precise age of all the samples, but especially the Indian lignites, remains difficult to confirm, and it remains possible that more extreme climate states are included.
All the latitudes reported here are best estimates for palaeolatitudes. Early Palaeogene lignites reveal that MAAT peat in Schöningen (~46° N) varied between 22.5 and 28 ± 4.7 °C (n = 39, 0.87 < MBT′ 5me < 0.98) and in Cobham (~48° N) between 23.5 and 26 ± 4.7 °C (n = 7, 0.90 < MBT′ 5me < 0.94) during the latest Palaeocene/earliest Eocene (Fig. 1a) . At Otaio (~57° S), MAAT peat in the earliest Eocene lignites (that is, directly after the PETM) varied between 27 and 29 °C ± 4.7 °C (n = 7, 0.91 < MBT′ 5me < 1), close to the upper limit of MAAT peat . These mid-latitude temperature reconstructions for the early Palaeogene (22-29 °C) , are markedly warmer than present (2-15 °C), even when taking the calibration error of 4.7 °C into account (Fig. 1a) . The Indian lignites (~0-5° N) consist of a variety of lignites of early Palaeogene age and are not dated as well. MAAT peat in these lignite samples varied between 28 and 29 4.7 °C (n = 9, 0.98 < MBT′ 5me < 1) and were close to the maximum value of the calibration, such that they might be minimum estimates.
All the lignites are also associated with the occurrence of archaeal isoGDGTs with more than four cyclopentane moieties (Fig. 1) , predominantly isoGDGT-5 but also isoGDGT-6 in some samples (Supplementary Information). It is unlikely that the presence of these unusual biomarkers is evidence for hyperthermophilic (for example, hot springs) conditions in all of these ancient peatlands. A deep biosphere production of GDGTs during burial at depth is unlikely to be a significant influence on our temperature records as lignite deposits are characterized by low amounts of intact polar lipid GDGTs 24 , which argues against an active GDGT-producing microbial community in such settings.
In the early Palaeogene lignites, the abundance of isoGDGT-5 is the highest, on average, in India in the palaeotropics; lower values occur in the mid-latitudes (Fig. 1) . The high proportions of isoG-DGT-5 in early Palaeogene lignites suggests that acidic peatlands with temperatures higher than 19.5 °C existed at palaeolatitudes of 46-48° N (Cobham and Schöningen) as well as 57° S (Otaio). Moreover, the proportion of isoGDGT-5 in the Indian lignites is higher than that found in any modern peat. We suggest that the higher proportions in the Indian lignites compared to the other Palaeogene sites is not the result of a much lower pH, as there is independent evidence that at least some of the latter were formed in ombrotrophic Sphagnum peats 25 . Instead, it is likely that higher proportions of isoGDGT-5 in the Indian lignites indicates MAATs higher than presently found in the low latitudes.
Comparison with existing temperature reconstructions
Collectively, the entire GDGT biomarker distribution yields two independent temperature estimates that originate from two different domains of life, which suggests that mid-latitude terrestrial peatland temperatures were significantly higher than modern during the early Palaeogene period of elevated p CO 2 , with values similar to those found only in tropical peatland at present . Although the bacterial-based MAAT peat calibration is near its limit in the Indian lignites, high abundances of isoGDGT-5 provide evidence that tropical temperatures were also elevated relative to those of today, consistent with SST reconstructions 9 . The majority of existing multiproxy terrestrial temperature data (for example, foliar physiognomy, MBT′ /CBT and so on) suggests that continental temperatures in the mid-latitude Northern Hemisphere (40-60° N) were below 22 °C during the early Palaeogene (Fig. 1a) . Some leaf physiognomic estimates from the northwest America, based mainly on the Kowalski and Dilcher calibration 26 and especially the CLAMP (Climate Leaf Analysis Multivariant Program) data, suggest temperatures, within error, to those found at present at these latitudes 10, 17 . Similarly, all palaeosolbased temperature estimates obtained using a range of geochemical methods are close to or below modern-day temperatures at similar latitudes 27 . This is difficult to reconcile given the multiproxy evidence for significantly elevated p CO 2 levels during the early Palaeogene 1, 2 . Such low temperatures in the mid-latitude Northern Hemisphere are also difficult to reconcile with terrestrial temperatures from the high-latitude Northern Hemisphere (> 60° N) that range between 14 and 20 °C (refs 28, 29 ) and widespread evidence of subtropical flora 29, 30 and fauna 31, 32 in the (high) Arctic. The MAAT peat estimates from the United Kingdom and Germany with average values ~25 and 27 ± 4.7 °C, respectively, indicate that mid-latitude terrestrial temperatures are at the high end of (or higher than) leaf physiognomic proxy estimates for comparable latitudes (Fig. 1a) . However, these new data are consistent with summer temperature estimates in excess of 40 °C based on clumped isotopes of palaeosol carbonates from the Bighorn Basin (~45° N palaeolatitude) 33 and δ
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O-based terrestrial temperatures from mammalian tooth enamel and fish (gar) scales from the southern United States (~30-40° N) with estimates between 28 and 32 ± 5.5 °C (ref. 34 ). Similarly, the data from Schöningen are consistent with early Eocene temperatures of 22.5 ± 2.5 °C based on leaf margin analysis from the nearby Messel oil shale 35 . These new terrestrial temperature estimates are also consistent with TEX 86 -, Mg/Ca-and clumped isotope-based SST estimates between 19 and 32 °C from the mid-latitude Northern Hemisphere 9, 36 (Fig. 1b) . The published early Palaeogene terrestrial temperature estimates from 45-65° S indicate values between ~10 and 20 °C, in general higher than modern values at these latitudes (Fig. 1a) . MAAT peat estimates from New Zealand are ~5-10 °C higher than existing terrestrial temperature estimates for the region, with an average value of 28 ± 4.7 °C. However, some of the existing terrestrial temperature estimates were obtained from marine sediment cores in the Southern Ocean at ~60° S, but record conditions further south at Wilkes Land (Antarctica) at ~70° S. These indicate the presence of near-tropical forests on Antarctica 37 and, together with plant microfossil evidence from the Tawanui section in New Zealand that indicates the presence of thermophilic taxa directly before and after the PETM 38 , they are consistent with high MAAT peat values and the presence of isoGDGT-5 in the Otaio lignite. Furthermore, MAAT peat is consistent with multiproxy SST estimates from the mid/highlatitude Southern Hemisphere that indicate values between 28 and 35 °C (refs 8, 9 ) (Fig. 1b) . It is likely that the MAAT peat estimates from India of 28-29 ± 4.7 °C represent minimum values, as also indicated by the higher-than-modern abundance of isoGDGT-5. This prevents a direct comparison with published low-latitude SST estimates. Even so, our estimates are slightly higher than the terrestrial temperatures currently suggested for the early Palaeogene of the Indian subcontinent 39 , but within error of clumped isotope-based SSTs from the coast of India with values of 30-35 ± 2.5 °C (ref. 9 ). The offset between some of the existing and MAAT peat terrestrial temperatures could partly be explained by a potential cold bias in temperatures based on leaf physiognomic and palaeosol proxies 10, 27 , as well as uncertainty in the palaeo-elevation of several of the archives, especially those from North America. We also note that the MAAT peat estimates are higher than most previously published soil MBT′ /CBT-based terrestrial temperature estimates from (proximal) marine sediments (Fig. 1a) . Although also based on the distribution of brGDGTs, MBT′ /CBT-based temperatures from marine sediments could be biased by their production in the water column or sediments 40 . Marine sediments also represent an integrated temperature across a large catchment area, which potentially includes a contribution from high altitudes. In addition, recent analytical advances urge for caution in interpreting MBT′ /CBT data as the original measurements could be biased by co-eluting compounds 19 . As such, some of the original MBT′ /CBT data might not reflect the terrestrial temperatures at sea level, which explains the offset with our data.
These lignite-based data therefore reinvigorate the debate about early Palaeogene temperatures: we find new evidence for high temperatures on land that are consistent with SST reconstructions, which resolves the prior conundrum, but retains the discrepancies between data and climate model simulations.
Comparison with climate model simulations
A number of climate models have been used to simulate the early Palaeogene climate, and include CCSM3 10, 15, 41 , HadCM3L 42 , ECHAM5 43 , FAMOUS (Fast Met Office/UK Universities Simulator) 16 and GISS (Goddard Institute for Space Studies) 44 . Although these climate models originally struggled to simulate warm climates like that of the early Palaeogene, especially when using p CO 2 estimates consistent with proxy estimates 3 , more recently there has been progress. The latest set of climate model simulations for the early Palaeogene (using CCSM3 15 and FAMOUS 16 ) provides a better fit with proxy estimates of SSTs using p CO 2 estimates that are consistent with proxy data after changing specific model parameters, such as cloud properties, although they still struggle to reach the extent of warming indicated by SST proxies in the southwestern Pacific. Crucially, for the mid-latitude Northern Hemisphere (45-50 °N) the latest set of climate models fit the MAAT peat temperature data, but are 5-10 °C warmer than most of the published mid-latitude temperature data (Fig. 3b) . However, for the mid-latitude Southern Hemisphere (55-60° S), the magnitude of warming simulated by all climate models is still less than indicated by MAAT peat (Fig. 3a) and published SST estimates 8, 45 . This could suggest that climate models are still missing crucial processes. However, it is important to highlight that virtually all mid/high-latitude Southern Hemisphere SST and terrestrial data (including the new MAAT peat data from Otaio) come from the southwestern Pacific and Pacific sector of the Southern Ocean. As such, the high temperatures so far found in the mid/high-latitude Southern Hemisphere might reflect local conditions and not be fully representative of zonal averages 46 . Future terrestrial temperature estimates using early Palaeogene lignites from for example S. America might be able to shed new light on whether these high temperatures were present throughout the mid/high-latitude Southern Hemisphere.
These novel terrestrial temperature estimates have important climatic and biogeochemical implications. For example, studies across microbial to ecosystem scales have demonstrated that methanogenesis rates in peatlands and the emission of methane to the atmosphere increase significantly with increasing temperature 6, 47 . Combined with the evidence that indicates that a high p CO 2 would have stimulated primary productivity 48 , our temperature estimates further suggest that the methane flux for a given areal extent of midlatitude peatland could have been much greater during the early Palaeogene than at present. As methane is a potent greenhouse gas, our results support previous modelling work 48, 49 that indicates the presence of an additional positive feedback mechanism associated with extensive warm mid-latitude peats in a high-CO 2 world that could amplify warming to a greater degree than that estimated with existing or GCM-derived temperature estimates.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41561-018-0199-0.
The biomarkers from the lignites from Schöningen were extracted previously 18 . For this purpose, approximately 0.5-10 g of sediment were extracted via a Soxhlet apparatus for 24 h with dichloromethane:methanol (DCM:MeOH, 2:1 v/v) to yield a total lipid extract (TLE). The TLE was initially separated over silica into neutral and fatty acid fractions using chloroform-saturated ammonia and chloroform:acetic acid (100:1 v/v), respectively. The neutral fraction was subsequently fractionated over alumina into apolar and polar (which contained the GDGTs) fractions using hexane:DCM ( For all samples the polar fraction was dissolved in hexane/isopropanol (99:1, v/v) and passed through 0.45 μ m polytetrafluoroethylene filters. Fractions were analysed by high-performance liquid chromatography/atmospheric pressure chemical ionisation-mass spectrometry. Instrument methods followed published procedures 51 . Analyses were performed in the selective ion monitoring mode to increase the sensitivity and reproducibility, and M + H + (protonated molecular ion) GDGT peaks were integrated.
MAATs for the lignites were obtained using the degree of methylation of brGDGTs as reflected in the MBT′ 5me index 19 and MAAT peat calibration where brGDGT-Ia, -Ib, and so on represent the abundances of specific brGDGT biomarkers according to the nomenclature of De Jonge et al. 19 . isoGDGT-5 was identified based on relative retention times, as well as co-injection with an acid hydrolysed > 95% pure culture of the thermoacidophile Thermoplasma acidophilum (Matreya) (Supplementary Information). The relative abundance of isoGDGT-5 was calculated using the respective peak areas of isoGDGTs with one, two, three and five cyclopentane rings: -= × --+ -+ -+ -isoGDGT 5 (%) 100 (isoGDGT 5) (isoGDGT 1) (isoGDGT 2) (isoGDGT 3) (isoGDGT 5)
where isoGDGT-1, -2, and so on represent the abundances of specific isoGDGT biomarkers according to the nomenclature of Schouten et al. 23 . isoGDGT-4 was excluded from this ratio due to the co-elution with the [M+ H] + + 2 ion of crenarchaeol that also gives m/z 1,294 (ref. 52 ).
Data availability. The authors declare that all the data supporting the findings of this study are available within the article and its Supplementary Information and, in addition, all modern peat GDGT data are available on the Pangaea database https://doi.org/10.1594/PANGAEA.883765. The compilation of all the previously published terrestrial and marine temperature data from the early Palaeogene together with the original references is also available in the Supplementary Information.
